Pulsed Plasma Thrusters (PPTs) are currently baselined for the Air Force Mightysat II.1 flight in 1999 and are under consideration for a number of other missions for primary propulsion, precision positioning, and attitude control functions.
Introduction
Pulsed plasma thrusters (PPTs) offer the combined benefits of extremely low average electric power requirements (<1 W to over 100 W), high thruster specific impulse (> 1000 s), and system simplicity derived from the use of an inert solid propellant. Pulsed plasma thrusters rely on the Lorentz force generated by an arc passing from anode to cathode and the self-induced magnetic fields to accelerate a small quantity of fluorocarbon-based propellant. As shown schematically in Fig. 1 , the thruster system consists of the accelerating electrodes, an energy storage unit, a power conditioning unit, an ignitor supply, and a propellant feed system. The latter consists of a spring which pushes a stick of fluorocarbon against the accelerating electrodes. This is the only moving part in the PPT system. During operation, the energy storage capacitor is first charged to between 1 and 2 kV. The ignitor supply is then activated to generate a low density plasma which permits the energy storage capacitor to discharge across the face of the fluorocarbon propellant. Peak arc current levels are typically between 2 and 15 kA. The high current arc ablates a small quantity of the propellant which is then accelerated downstream, and the arc is extinguished between 5 and15lasec afterdischarge initiation.The pulsecyclecan thenbe repeated at a rate compatible withtheavailable spacecraft power and propulsion requirements. Typical operational missions require between 106and 2x107 pulses.
of near-and far-field plume measurements will be presented with a discussion of implications for the use of PPTs on spacecraft with sensitive optical instrumentation.
Finally a summary of progress to date will be given. x 10 -6 T, and pressure during operation at 2.2 Hzwas~1 x 10 -4T.
As shown in Fig. 3 , the thruster was mounted on the bottom of the facility facing up, with two diagnostic probe rakes above it.
Far-field plume measurements were made using an 1.52-m diameter, 3.05-m long vacuum facility pumped by an 0.51-m diameter cryopump.
The facility base pressure was~lxl0 -7 T, and pressure during thruster operation at 2.2 Hz was -6
x 10 -6 T. Facility pressure generally increased gradually during an extended test, sometimes reaching 9 x 10-6T. The PPT was mounted at the top of the facility pointing down. To reduce the effects of the plume scattering from the bottom of the facility, a baffle consisting of 0.5-m high, 0.05-cm thick, vertical stainless steel plates arranged in a 25-cm by 25-cm squares was placed in the bottom of the facility. As described below, contamination monitors were placed throughout the facility to characterize both the direct impacts of the plume and establish the effects of scattering of the vacuum facility walls.
Diagnostics
Ne._-Fi¢ld Measurements: Near-field measurements were made with sensor rakes mounted at 24-and 39-cm radii from the exit plane. The probe rakes were offset by 10°t o prevent the 24 cm rake from shadowing the 39 cm rake. Contamination sensors consisted of 2.0 x 2.0-cm quartz samples placed at the rear of 2.5-cm diameter, 2.5-cm long collimators. The collimators were designed to preclude particles undergoing a single bounce from any surface from reaching the quartz samples. The samples were characterized by their weight, transmittance, and deposited film properties. A spectrometer was used to measure the sample transmittance and reflectance between 350 and 1200 nm. These measurements represent average values for a 1.0 x 1.8 cm region on the exposed sample. Following exposure to the thruster plume, the samples were reweighed and their optical properties characterized.
Weight uncertainty is +/-0.0001 g, and transmittance and reflectance are measured to within 0.5% absolute.
Plume plasma properties were studied using a combination of cylindrical and planar ion current density probes. The cylindrical probes were used for time-of-flight ion velocity measurements. Four 0.32-cm diameter, l-em long probes were aligned along the plume centerline perpendicular to the plasma flow at 10 cm intervals.
The probes were biased to -40 V. The latter collimator was shortened so that its field-of-view was the same as the backflow collimators located behind the thruster.
A total of 14 quartz samples were exposed during the test.
Results and Discussion
Near-field Figure 6 shows the results of the time-of-flight measurements.
Plotted are the arrival times of the first peak in the ion current as a function of distance from the thruster exit plane. Ten measurements were made for each probe, and a least-squares fit to the data yielded an ion velocity of 42,000 m/s with an uncertainty of +/-12%. This ion velocity is consistent with previous measurements made on the a similar thruster. 13
Figures 7a and b show ion current densities measured 24 cm from the thruster in planes parallel and perpendicular to the electrodes (see Fig. 2 ). It is apparent that the ion current profile is significantly flatter parallel to the electrodes than perpendicular. Perpendicular to the electrodes the ion current density decreases by a factor of -3.5 within 40°of the axis, whereas parallel to the electrodes it only decreases by -25%.
In both planes the current density decreases by over a factor of 25 within 75°of the thruster axis. These results are consistent with previous data obtained using a PPT having over ten times the energy storage capacity of the LES 8/9 PPT. 9,14 Using the measured centerline velocities and assuming a singly ionized plume, the peak centerline ion density 24 cm from the thruster is estimated to be -6 x 1012 cm "3.
For comparison, this peak density is a factor of 3 -7 higher than the steady-state density measured in the plumes of 1.4 kW hydrazine arcjets and xenon stationary plasma thrusters currently used on communications satellites. 15,16 The density drops by over an order of magnitude within 2 _ts of the peak value.
Results from the contamination sensors at 24 and 39 cm from the thruster are shown in Fig and 60°there was net deposition, the asymmetry likely resulting from enhanced deposition caused by particles bouncing from the exhaust channel on the cathode side (Fig. 2) . Note that the distributions are quite similar for both probe rakes.
At 39 cm, however, the maximum erosion/deposition magnitudes are lower and there is a noticeable broadening of the distributions at the larger distance resulting from the plume expansion. In these tests there was no measurable deposition or erosion beyond -40°a nd + 50°.
The composition and structure of the deposited film was examined on the sample which had gained the most weight during testing. Scanning electron microscopy revealed that the film consisted of a base film with a large number of 1 Bm and 5 Bm particles superimposed on it. Clear evidence of carbon and fluorine was obtained in the overall film and in many of the particles. Additionally, a few particles -5 Ima in diameter were found to contain iron, nickel, aluminum and chromium. These could have originated from the PPT electrodes.
Far-field
A 2 x 105 pulse test (25.25 hrs at 2.2 Hz) was conducted over a period of 3 days using the probe rake shown in Fig. 5 . This rake has a minimum measurement angle of 30°at 1.2 m from the thruster, and two sensors at 40°(in parallel and perpendicular planes). The test was conducted with the exhaust channel extension to reduce the asymmetries observed in the near-field deposition measurements.
Pre-and post-test weight measurements showed no measurable mass gain on any of the samples.
This result placed an upper bound of 1.25 x 10 "10 g/cm2/pulse on the deposition rate at any of the sample locations. This result is consistent with the near-field measurements, given the angles for which the measurements were made, the increased distances from the thruster to the probes, and the number of pulses in each test.
Optical measurements showed that there was no measurable deposition in the backflow region. Results for all the samples in the backflow region, including those 120°off axis and those behind the thruster facing the tank bottom (backflow 1 and 2 in Fig. 5 ) are shown in Fig. 9 . The noise at 875 nm resulted from a change in optical detector within the spectrometer. There was no measurable difference between the control samples and those exposed to the thruster firing. This is a very important result, as it indicates that, to first order, spacecraft surfaces behind the PPT should not be significantly contaminated by thruster exhaust products. From a facilities standpoint, it appears that very little of the material bouncing from the vacuum facility bottom escapes the baffle to the thruster region.
In the forward area of the plume some transmittance degradation was observed as expected. Shown in Fig.10aandb Fig. 12 . The figure shows that the worst case reduction was less than 0.5% after 2 x 105 pulses for the samples at 40°i n the perpendicular plane. For the same angle, the reduction in the plane parallel to the electrodes was less than 0.1%.
The application
of PPTs to science missions will require an understanding of PPT plume impacts on optical sensors using limited wavelength ranges.
There are three wavelength ranges of primary interest, the astronomical V-band between 505 and 595 nm, the R-band between 590 and 810 nm, and the I-band between 780 and 1020 nm. 15 Average transmittances (not weighted) for these ranges for samples perpendicular to the electrodes are shown in Fig.  13 .
As expected from the transmittance measurements shown in Fig. 10 , the largest decrease is in the V-band, which shows a maximum decrease of 2.5% transmittance at 40°o ff axis after 2 x 105 pulses. At 90°the decrease is -0.2%, and for the 120°and backflow samples no change is observed. Similar trends, though smaller in magnitude, are seen for the R and I bands.
Results for samples parallel to the electrodes show a smaller decrease in transmittance, with a maximum of less than 0.5% in the V-band at 400 .
A major result of this study is the pronounced asymmetry of the plume impacts in the planes parallel and perpendicular to the electrodes.
While not entirely unexpected, previous studies indicated that the degree of asymmetry decreases rapidly away from the thruster, and could be neglected for sample distances comparable to those used in this work. This is clearly not the case, and shows that the orientation of the PPT about the thrust axis can be used to control the deposition of contaminants on surfaces.
Conclusion
Measurements of pulsed plasma thruster plume impacts were made using plasma and contamination diagnostics in both the near-and far-field regions.
Results show the plume ion density reaches~6 x 1012 cm "3 24 cm from the thruster and that the ion velocity along the centerline is -42,000 m/s. 
